In order to validate the Advanced Very High Resolution Radiometer (AVHRR)-derived sea surface temperatures (SST) of the waters around Taiwan, we generated a match-up data set of 961 pairs, which included in situ SSTs and concurrent AVHRR measurements for the period of 1998 to 2002. Availability of cloud-free images, i.e., images with more than 85% of cloud-free area in their coverage, was about 2.23% of all AVHRR images during the study period. The range of in situ SSTs was from 10.5°C to 30.8°C. The satellite derived-SSTs through MCSST and NLSST algorithms were linearly related to the in situ SSTs with correlation coefficients of 0.985 and 0.98, respectively. The MCSSTs and NLSSTs had small biases of 0.009 C°a nd 0.256 C° with root mean square deviations of 0.64 C° and 0.801 C°, respectively, therefore the AVHRR-based MCSSTs and NLSSTs had high accuracy in the seas around Taiwan.
In order to validate the Advanced Very High Resolution Radiometer (AVHRR)-derived sea surface temperatures (SST) of the waters around Taiwan, we generated a match-up data set of 961 pairs, which included in situ SSTs and concurrent AVHRR measurements for the period of 1998 to 2002. Availability of cloud-free images, i.e., images with more than 85% of cloud-free area in their coverage, was about 2.23% of all AVHRR images during the study period. The range of in situ SSTs was from 10.5°C to 30.8°C. The satellite derived-SSTs through MCSST and NLSST algorithms were linearly related to the in situ SSTs with correlation coefficients of 0.985 and 0.98, respectively. The MCSSTs and NLSSTs had small biases of 0.009 C°a nd 0.256 C° with root mean square deviations of 0.64 C° and 0.801 C°, respectively, therefore the AVHRR-based MCSSTs and NLSSTs had high accuracy in the seas around Taiwan.
(Key words: Sea surface temperature (SST), AVHRR-derived SST, Validation, Taiwan)
INTRODUCTION
Satellite imagery provides a wide view of the earth's surface with high-spatial and -temporal resolutions, and can be used efficiently to evaluate global and regional meteorological and oceanographic conditions. Among parameters derived from satellite remote sensing, sea surface temperature (SST) is one of the most basic oceanographic parameters associated with climate and weather systems. Fluxes of sensible heat, latent heat, and long-wave radiation are also critically dependent on the SST. SST variations are directly linked with atmospheric and oceanic variations with a variety of temporal and spatial scales. Satellite-derived SSTs are widely used in studying atmospheric and oceanic problems, including fisheries, meteorological/ oceanographic operational businesses, and oceanic environmental management. In waters around Taiwan, remotely sensed SSTs have been applied to oceanography and marine fishery since 1988 (Gong et al. 1992; Lin et al. 1992; Liao et al. 1997; Lee et al. 1999) .
At present, the Advanced Very High Resolution Radiometer (AVHRR) on board NOAA polar-orbiting satellites is the most popular instrument for regional/global SST retrieval. It has been functioning for more than a quarter century since 1978 (Bernstein 1982) . The AVHRR has three infrared channels at 3.5 -3.9 µm, 10.5 -11.5 µm, and 11.5 -12.5 µm, respectively. Several algorithms have been developed in the past to convert the AVHRR-measured infrared radiances into SST values (e.g., Barton 1995) . The Multi-Channel Sea Surface Temperature (MCSST) algorithm was first developed for operational use (e.g., McMillin and Crosby 1984) before the nonlinear SST (NLSST) algorithm was developed to overcome some weaknesses in the MCSST algorithm (Walton 1988) . Lately, the NOAA/NESDIS (National Environmental Satellite, Data and Information Service) has published and occasionally updated the coefficients of MCSST and NLSST algorithms for operational AVHRR SST retrieval (Li et al. 2001) . Validations of MCSST products indicate that their root mean square (RMS) errors are less than 0.7°C against in situ SSTs for global oceans (e.g., Strong and McClain 1984; McClain et al 1985, Bates and Diaz 1991) and the seas around Japan (e.g., Sakaida and Kawamura 1992a , 1992b , 1996 .
The MCSST and NLSST algorithms correct the atmospheric attenuation of the upcoming infrared radiation from the sea surface caused primarily by water vapor (Anding and Kauth 1970) . Since NOAA coefficients are tuned against globally-distributed in situ SSTs observed by drifting buoys, estimated SSTs have rather high accuracy for the open ocean. In contrast, Sakaida and Kawamura (1992a, b) indicated that NOAA MCSST coefficients are not always applicable to the seas around Japan. Key et al. (1997) used an extensive validation analysis for the satellite-derived SSTs at high latitudes and pointed out that their larger errors were attributable to the spatially variable atmospheric/surface conditions of the validation area. Kawai and Kawamura (1997a) investigated the MCSST biases against the in situ SSTs in the seas around Japan, and found seasonal biases in the northern part of the Japan Sea and Sea of Okhotsk. These authors (Kawai and Kawamura 1997b) also examined MCSST positive biases in the Sea of Okhotsk in summer. They found that biases are attributable to sharp gradients in diurnal temperature profile formed close to sea surface. To understand the accuracy of satellite-derived SST, scientists have performed various validation efforts by comparing AVHRR measurements with moored buoys, drifting and ship measurements in the global oceans as well as in different coastal regions (Li et al. 2001) .
According Liao et al. (1997) , the bias of satellite-derived SST around Taiwan against the in situ SST was about 0.21 C°. However, a large RMS deviation of 4.14 C° was observed by the same authors in the SST range of 20 to 30°C in the southern East China Sea. The problem of the large RMS deviation by Liao et al. (1997) may be attributed to insufficient quality control in creating the match-up data set, which requires precise navigation, severe cloudscreening, and checking of abnormal satellite and in situ SSTs. Time-series of drift-and mooredbuoy data are generally lacking in the waters around Taiwan. Thus, quality control in creating a match-up data set is time-consuming because a large number of match-ups are required in order to obtain statistically significant results.
In this paper, AVHRR SSTs obtained by the MCSST and NLSST algorithms were examined and validated in the waters around Taiwan using the in situ SSTs archived at the National Center of Ocean Research (NCOR, Taiwan).
DATA AND METHOD

Satellite SST Images and in situ Observations
The High Resolution Picture Transmission (HRPT) data of the NOAA-12~16 were received and archived in the Department of Environmental Biology and Fisheries Science at National Taiwan Ocean University. The AVHRR images in the HRPT data were available at about four to six times daily during the period of January 1998 to December 2002. During the preprocessing of the data, satellite images were navigated (i.e., corrected for distortion and registered to a map) and nudged (i.e., entire image shifted to fit map overlap) to correct receiving system timing errors and/or satellite altitude errors. The ground resolution of the processed image was set to 1.1 km. The navigation and cloud detection techniques used in this study were described in Sakaida and Kawamura (1992a) .
The cloud-free images were further processed to obtain the MCSSTs and NLSSTs (Li et al. 2001) according to the following equations:
where T 4 and T 5 are the brightness temperatures of channels 4 and 5 in Kelvin, respectively; Secθ is the secant of the satellite zenith angle θ . The constant coefficients A 1~A4 and B 1~B4 of each satellite are shown in Table 1 . The routinely-calibrated CTD (SBE21) data collected by R/V Ocean Researcher I, II, and III were used for comparison with the SST measurements. The CTD data were archived in the Ocean Data Bank (ODB), NCOR. Profiles of seawater temperature were constructed from the data collected by 102, 241 and 294 cruises onboard R/V Ocean Researcher I, II, and III, respectively, from January 1998 to November 2002 (Table 2) . We have a total of 9083 data points (stations) of shipboard measurements in this study. During the survey, the seawater at the depth of less than 5 m was pumped up and then the sea surface temperature was measured by the respective sensor, while the longitude and latitude of the station were positioned by the GPS.
Stations used in the present study are shown in Fig. 1 . The region was divided into four subdivisons: A) Kuroshio region; B) southern East China Sea; C) Taiwan Strait; and D) northern South China Sea. The geographic and oceanographic characteristics concerning these subdivisions are available from Xu and Oda (1999) , Hu et al. (2000) , Lin et al. (2000) , Cho and Matsuoka (2001) , and Jan et al. (2002) .
Match-up data set
In order to compare the satellite-derived SSTs with the in situ SSTs, we produced pairs of co-located satellite and in situ SST observations with time difference shorter than 6 hours. The satellite observations have spatial averages of 3 × 3 pixels around each field survey location (Sakaida and Kawamura 1992a). These procedures were described in Sakaida and Kawamura (1996) in detail. A total of 961 pairs were obtained, and their monthly numbers of pairs are shown in Table 3 . There were 782 and 179 match-ups in the daytime and nighttime, respectively. 
RESULTS
Cloud-free Image Availability
A total number of 10524 passes of HRPTs is available during the period of January 1998 to December 2002 (Fig. 2) . The monthly number of passes decreases significantly during three periods (March to April and August 1998, and March to April 2002) because of work on improvements of the receiving station at the National Taiwan Ocean University. Following Kubota (1994) and Sakaida and Kawamura (1996) , a cloud-free image is defined as one that is cloud-free more than 85% of its coverage area. The monthly number of cloud-free images is shown in Fig. 2 . The availability of AVHRR SSTs in cloud-free images was highly dependent on season; the maximum number of cloud-free images appeared in August 2001 and the minimum in September to December 1998. The cloud-free image availability rate was about 2.23%. The number of cloud-free images in summer was about 22.2 images per season, which was significantly higher than that in spring (5.6 images), autumn (6.8), and winter (2.6), respectively. On average, users can get about one pass every 4 days in summertime in the waters around Taiwan, but about one pass per month in winter. Table 3 . Monthly distribution of match-up data created in the study period. Figure 3 shows the frequency distribution of the in situ SSTs used in the present study. It indicates that most SSTs were within the range between 23°C and 29°C though the full range was from 10°C to 31°C. Table 4 shows statistics of the in situ SSTs in the four subdivisions, and Fig. 4 shows the seasonal mean and standard deviation for each subdivision shown in Fig. 1 . The seasonal mean SSTs were always higher than 23°C with yearly standard deviations smaller than 1.7 C° in the open seas (subdivision A and D). On the continental shelf (subdivision B and C), the SSTs range was from 10.5°C to 30.8°C (Fig. 3) , with higher yearly standard deviation of 3.51 C° in B and 3.59 C° in C (Table 4 ). The mean SSTs in summer were 27°C~29°C with standard deviations of less than 1.8 C° in all subdivisions. Differences in the SST fields between the open ocean and continental shelf were enhanced in winter (mean SSTs) and spring (standard deviations).
Characteristics of in situ SSTs in the Study Area
Comparison of Satellite-derived and in situ SSTs
MCSSTs and NLSSTs were compared with in situ SSTs (Figs. 5, 6) . The comparison illustrated that MCSSTs and NLSSTs were linearly correlated with the in situ SSTs with correlation coefficients of 0.985 and 0.98, respectively. Relative to the in situ SSTs, the MCSSTs and NLSSTs had a bias (MCSST/NLSST minus in situ SST) of 0.009 C° and 0.256 C°, respectively, and with RMS deviations of 0.64 C° and 0.801 C°, respectively (Table 5 ). This implied that the MCSSTs algorithm produces slightly more accurate SST measurements than the NLSST algorithm in the waters around Taiwan. Figure 7 demonstrates the differences between MCSSTs/NLSSTs and in situ SSTs in each month and each subdivision area. It is evident that, for the area D (northern South China Sea), the differences were large during the period from May to September and sometimes exceeded ±3 C°. Fig. 6 . Relationship between the NLSSTs and in situ SSTs. Table 5 . The root mean square deviation (RMSD, °C) and bias (°C) of the difference between the in situ SSTs and satellite derived-MCSST and NLSST. Figure 8 shows histograms of the differences between the MCSSTs/NLSSTs and the in situ SSTs. Most differences were distributed within 0.5 C° and constituted about 68% of the total samples. According to Fig. 8 , the class from 0.15 C° to 0.75 C° had higher occurrence, producing the positive bias for the NLSSTs.
DISCUSSIONS
It is shown from our study that the AVHRR-derived SSTs using the MCSST and NLSST algorithms with the NOAA-provided coefficients were highly accurate in the waters around Taiwan. The accuracy is similar to that in the regional validations conducted in other areas (e.g., Sakaida and Kawamura 1992b; Barton and Skirving 1999) . However, the bias and root mean square deviation (RMSD)of SST residuals estimated by the MCSSTs were better than those estimated by the NLSSTs. The NLSST algorithm is developed to improve the MCSST algorithm, and partly to improve cloud detection algorithms (Li et al. 2001 ). Since MCSST did agree well with the in situ SSTs in our study, the NLSST probably over corrected the MCSST. The validation of MCSST in general is through drift-buoy SSTs. The global mean satellitebuoy bias is less than 0.3 C° with an RMSD of about 0.7 C° (Li et al. 2001) . Our present study used all available in situ SSTs with depth of less than 5 m in the waters around Taiwan. The use of this data set might be one of the reasons why the regional NLSST results were worse. The present study is the first attempt to validate the AVHRR SST with the in situ data in the waters around Taiwan. Further observations should be followed to study SST physics with emphasis on regional characteristics. Examination of the depth effect on SST accuracy should be investigated in future studies. Casey and Cornillon (1999) also suggested that satellite SST retrieval might be degraded by contamination from thin or small clouds, which significantly reduces the estimated SSTs. In the present study, AVHRR match-up images around the in situ SST observation locations were checked by eye, and cloud contamination was carefully screened. However, the large deviation points (< -3.0 C°) in the subdivision area D might be due to thin or small cloud contamination. In the case of sub-pixel sized clouds, it is quite difficult to screen all of the influenced AVHRR pixels even by eye. Fortunately, the number of large deviation points was limited and did not influence the statistics of the present validation. Problems associated with thin or sub-pixel clouds are also to be subjects of future study. For area D (northern South China Sea) with the small mean standard deviation of 1.94 C° (  Table 4 ), the differences between MCSSTs and in situ SSTs were larger during the period from May to September and sometimes exceeded ±3 C° (Figs. 5, 7) . There is a possibility that the MCSST algorithm may not correct atmospheric effects on SST retrieval (Sakaida and Kawamura 1992b) . This is similar to that of Li et al (2001) who found a fairly large bias of about 1.5 C° in the summer months in the Great Lakes region. They indicated that there was often a uniform low-level fog over the lake surface. The fog was so thin and its temperature was so close to (but generally higher than) the lake surface temperature that the cloud test could not detect the presence of fog. In order to check this possibility, the differences (MCSSTs minus in situ SSTs) in daytime and nighttime were plotted against the differences between the brightness temperature of channel 4 and 5, T T 4 5 − (Fig. 9 ). As a result, the SST differences distributed evenly around zero over a wide range of T T 4 5 − and no significant relationship existed between SST difference and T T 4 5 − . It indicated that the match-up data were selected successfully and the atmospheric effects represented by T T 4 5 − were well corrected by the MCSST/NLSST algorithm. Another possibility is that spatial biases of SST existed in the waters around Taiwan. This is similar to that of Kawai and Kawamura (1997a) who discovered large-scale spatial biases in the regions north of 40°N and the Tsushima and in Tsugaru Warm Current regions. The biases varied with a seasonal cycle in the former region; the biases were negative in winter and positive in summer and the amplitude of the seasonal bias variation was more than 2 C°. Price and Weller (1986) suggested that the difference between MCSST Fig. 9 . The difference between MCSST(left), NLSST(right) and in situ SST versus T T and in situ SST may be induced by the diurnal influence of solar radiation, which has a profound effect upon the velocity of wind-driven current (Kawai and Kawamura 1997b) . In the simulation of the diurnal variation of sea surface temperature in a one-dimensional numerical model (Kawai and Kawamura 2002) , the sea surface temperature became much lower than the in situ value as wind speed decreased. Because of this diurnal cooling, match-ups made within 4 hrs should be considered in the future (Li et al. 2001 ).
What are the major sources of AVHRR-SST errors in this region? Stewart (1985) thought that surface heat flux might be a possible source. As shown in Fig. 7 , large differences were mainly observed during the period from May to August when the southwestern monsoon prevails in this region. The seasonal mean SSTs in Fig. 4 demonstrate that the ocean was heated by local air-sea interactions. Differences in the SST fields between the open ocean and the continental shelf were enhanced in winter (mean SSTs) and spring (standard deviations). In addition to air temperature, the differences are affected by the southward flowing Coastal Cold Waters from the East China Sea during the winter NE monsoon from October to March (Lee et al. 2003; Jan et al. 2002) . The sharp vertical gradient at the sea surface, formed in the heating period (e.g., Yokoyama et al. 1995; Kawai and Kawamura 2000; Donlon et al. 2002) , is a source of deviation between the MCSSTs and the in situ SSTs. However, the in situ observations used in the present study did not have concurrent information on the near-surface vertical temperature structure and wind speed. Examination of the air-sea interaction effect should be investigated in the future.
CONCLUSION
Using locally-received AVHRR images of NOAA-12~16 and high quality CTD SST observations in the seas around Taiwan for the period of 1998 to 2002, we produced a match-up data set of 961 pairs, of AVHRR measurements and in situ SST. Availability of cloud-free images, i.e., images with cloud-free area exceeding 85% of their coverage area, was about 2.23% of all AVHRR images in the study period. The MCSST and NLSST algorithms with the NOAA-published coefficients for each NOAA satellite were examined in detail using a match-up data set. Although SST characteristics are different on the continental shelf and in the open ocean, the AVHRR-derived SSTs proved to be highly accurate. Relative to the in situ SSTs, the MCSSTs and NLSSTs had a bias (MCSSTs/NLSSTs minus in situ SST) of 0.009 C°a nd 0.256 C° with RMS deviations of 0.64 C° and 0.801 C°, respectively. The differences between MCSSTs/NLSSTs and the in situ SSTs were distributed within ±0.5 C° and they constituted about 68% of total samples.
